ABSTRACT. Plectin is a versatile linker protein which is associated with various types of cytoskeletal components and/or filaments including intermediate filaments. To better understand the functional roles of plectin in smooth muscle cells, we examined the distribution of plectin and other related proteins in rat colon smooth muscles by confocal laser and electron microscopy. The sarcolemma of smooth muscle cells exhibits two ultrastructurally distinct domains, domains associated with dense plaques and caveola-rich domains. Staining with anti-plectin and anti-desmin antibodies showed that plectin was localized along the sarcolemma in an intermittent manner and desmin was distributed in the sarcoplasm and intermittently at the cell periphery where it was codistributed with desmin. Plectin exhibited complementary and non-overlapping distribution to caveolin-1 and dystrophin, components of caveola domains, whereas plectin was codistributed with vinculin, talin and integrin > > > >1, components of dense plaques. Plectin was also codistributed with > > > >2-chain laminin but not with > > > >1-chain laminin. Electron microscopic observations on the sarcolemma revealed close association of intermediate filaments with dense plaques. Correlated confocal and electron microscopy clearly demonstrated that anti-plectin fluorescence corresponded to dense plaques but not to caveola domains in electron microscopic images. These findings indicate that plectin is confined to dense plaques to which desmin intermediate filaments may be anchored in rat colon smooth muscle cells.
Plectin, a member of the plakin family, is a versatile cytoskeletal linker protein and occurs in a wide variety of tissues and cell types, in which plectin codistributes with various types of intermediate filament proteins, such as vimentin, cytokeratins, desmin and glial fibrillary acidic (GFA) protein (Wiche et al., 1983 Hieda et al., 1992; Errante et al., 1994; Yaoita et al., 1996; Svitkina et al., 1996; Eger et al., 1997; Foisner et al., 1988 Foisner et al., , 1991 . Plectin is located at the intermediate filament-plasma membrane interface, such as hemidesmosomes, desmosomes, and cardiac muscle intercalated discs. Plectin appears to act as molecular bridges between intermediate filaments and actin filaments or microtubules, as shown by whole-mount electron microscopy (Wiche et al., 1982 (Wiche et al., , 1983 . More recently, plectin has been shown to link intermediate filaments to the Z-discs in skeletal muscle fibers (Hijikata et al., 1999) . Consistent with these variable locations, plectin possesses the binding capacity to multiple cytoskeletal proteins, such as =-spectrin (fodrin), high molecular mass microtubule-associated proteins and integrin >4 (Hermann and Wiche, 1987; Svitkina et al., 1996; Rezniczek et al., 1998) . The strategic localization and versatile binding property of plectin suggest that it plays significant functional roles in the structural integrity of cytoarchitecture.
In human, the defects in the plectin gene mapped to 8q24 have been found to cause an autosomal recessive disease, epidermolysis bullosa simplex with muscular dystrophy (EBS-MD). Plectin knockout mice have also exhibited abnormalities of minicore myopathies in skeletal muscles, disintegration of intercalated discs in cardiac muscles and blistering of the skin. In contrast to such impairment of skeletal and cardiac muscles, however, no pathological alterations have been so far reported in smooth muscles of EBS-MD patients and plectin knockout mice. This raises a question of whether or not plectin plays different functional roles between skeletal and smooth muscles.
To better understand the functional roles of plectin in smooth muscle cells, we examined the distribution of plectin and other related proteins in the rat colon smooth muscle by confocal laser and electron microscopy. Here we demonstrate that the dense plaques underlying the sarcolemma are typically marked by anti-plectin antibody and serve as the anchorage sites for desmin intermediate filaments. Furthermore, plectin is distributed in a complementary and nonoverlapping manner to the distribution of caveolin-1 and dystrophin and is codistributed with vinculin, talin, integrin >1and >2-chain laminin at the cell surface.
Materials and Methods

Antibodies
The primary antibodies used in this study were polyclonal antiplectin prepared in our laboratory (Hijikata et al., manuscript in preparation) , monoclonal anti-plectin (clone 7A8), monoclonal anti-dystrophin (MANDYS8), monoclonal anti-vinculin, monoclonal anti-talin, polyclonal anti-b1-chain laminin (Sigma, St Louis, MO, USA), polyclonal anticaveolin-1, polyclonal anti-b2-chain laminin (Santa Cruz Biotech, Inc., Santa Cruz Biotech, CA, USA), polyclonal anti-integrin b1 (Bioline Diagnostics s.r.l), and polyclonal anti-desmin antibodies (Progen Biotechnik GMBH, Heidelberg, Germany). We checked the reactivity and specificity of the primary antibodies by immunoblotting (data not shown).
The secondary antibodies were FITC-conjugated goat affinity purified antibody to mouse IgG (H+L) (Kierkegaard & Perry Lab., Inc., Gaithersburg, MD, USA) and Texas Red-conjugated goat affinity purified antibody to rabbit IgG (Organon Teknika Corp., Durham, NC, USA).
Immunofluorescence analysis
Male Wistar rats (8 weeks old) were deeply anesthetized with diethyl ether and sacrificed. The descending colon was dissected out from these rats, and quickly frozen in isopentane cooled by liquid nitrogen. The cryostat sections of 2 to 3 mm in thickness were cut and placed on poly-L-lysine-coated slide glasses. These sections were fixed with 1.5% paraformaldehyde in phosphate buffer saline (PBS) (9.54 mM, pH 7.3) and washed with PBS before immunostaining. The sections were incubated with a blocking solution of 5% bovine serum albumin (BSA) in PBS for 1 hr and then with primary antibodies for 3 hr at 4°C. After being washed with 1% BSA in PBS three times, the sections were incubated with secondary antibodies for 3 hr at 4°C, washed three times, and then mounted with 90% glycerol in PBS containing 5% 1,4-diazabicyclo[2.2.]-octane as an anti-quenching agent. The sections were observed with a Bio-Rad MRC-1024 confocal microscope (BioRad Lab., Richmond, CA, USA). Non-specific reactions were not detected in any control preparations.
Electron microscopy
Male Wistar rats were deeply anesthetized and fixed by perfusion via the abdominal aorta with 2% paraformaldehyde, 2.5% glutaraldehyde in 0.1M cacodylate buffer (pH 7.3). The descending colon was dissected out, cut into small pieces of tissue and further fixed with the same fixative, overnight. The tissues were washed with 10% sucrose in 0.1M cacodylate buffer (pH 7.3), postfixed with 1% OsO4 in the same buffer (pH 7.3) at 4°C, and then stained en block with 0.5% aqueous uranyl acetate. They were dehydrated in a series of increasing concentrations of ethanol and embedded in Epon 812. Thin-sections were cut, stained with uranyl acetate and lead citrate, and then observed with a Hitachi H-800 electron microscope (Hitachi, Japan).
Correlated confocal and electron microscopic analysis
The immunofluorescence serial optical section images of cryostat sections were observed and recorded with a confocal laser microscope. The same sections were then processed for thin-section electron microscopy. After electron micrographs were taken for the same fields as the confocal images, both confocal and electron microscopic images were imported in a personal computer to be superimposed by adjusting the magnification using Adobe Photoshop.
Results
In thin-section electron microscopy, the transverse sections of the outer muscle layer of the rat colon exhibited variable cross-sectional profiles of muscle cells cut at different planes of spindle-shaped cells (Fig. 1A ). Nuclei were found in the center of muscle cells when cut through their widest diameter. The sarcolemma appeared thickened in a discontinuous manner in low-power electron micrographs. In higher magnification, such thickened regions of the sarcolemma were seen to be undercoated with electron-dense materials refered to as dense plaques. Thus, the sarcolemma consisted of two ultrastructurally distinct domains, domains with dense plaques and those of many vesicular invaginations or caveolae (Fig. 1B) . These two domains occurred alternatively along the sarcolemma to represent complementary distribution.
When transverse cryostat sections of colon smooth muscle cells were stained with anti-plectin antibody and observed with a confocal microscope, plectin was seen to be localized as fluorescent dots or intermittent lines along the sarcolemma (Fig. 2A) . In longitudinal cryostat sections, the distribution of plectin appeared as long fluorescent streaks aligned in parallel at the cell surface (Fig. 2B) .
Next, we examined the localization of desmin, because plectin is a major intermediate filament-associated protein.
Immunostaining for desmin in transverse sections showed strand-like fluorescence running throughout the weakly stained background of the sarcoplasm and around the nuclei (Fig. 3A) . Such fluorescent strands appeared to be extended and converged to the cell periphery to terminate into intense fluorescent spots. In longitudinal sections of muscle cells, Higher magnification. The sarcolemma shows two distinct domains; the domain with dense plaques (arrowheads) and those with caveolae (Cv). These two domains are alternately located along the sarcolemma. Note the layered organization of the dense plaques beneath the sarcolemma. Intermediate filaments can be found in close association with the dense plaques and dense bodies (Db). Bars: 20 mm (A) and 0.1 mm (B). staining with anti-desmin antibody showed fluorescent streaks aligned in parallel preferentially at the level of the cell surface (Fig. 3B) . The intense fluorescent spots observed at the cell surface may be interpreted as the superimposed images of longitudinally running streaks within the section thickness. Taken together, such fluorescent streaks of desmin may represent bundles of intermediate filaments and the dense plaques can be reasonably considered to be the anchoring sites for bundles of intermediate filaments.
To analyze the spatial relationships between plectin and other related proteins along the sarcolemma of smooth muscle cells, double immunofluorescence stainings were performed with transverse cryostat sections of the colon smooth muscle. Double immunofluorescence for plectin (Fig. 4A) and desmin (Fig. 4B) indicated that desmin was distributed as strands throughout the sarcoplasm including the cell periphery in contrast to the plectin localization restricted to the sarcolemma. Superimposition analysis clearly showed that desmin and plectin were colocalized only in the subsarcolemmal regions to show intense fluorescent dots (Fig. 4C) . To determine in which domains, whether the dense plaque or the caveola domain, plectin is localized, we performed double immunostaining for plectin (Fig. 4D ) and caveolin-1 (Fig. 4E) , a structural component of caveolae (Rothberg et al., 1992) . Interestingly, this staining showed complementary distribution of plectin to caveolin-1, suggesting a plectin localization at the dense plaque domains Fig. 4F ). This pattern held true for the double staining with anti-plectin (Fig. 4G ) and anti-dystrophin (Fig. 4H) antibodies, again showing their complementary distribution (Fig.  4I) . To verify this notion, we next carried out double staining for plectin (Fig. 4J) and vinculin (Fig. 4K) , a component of dense plaques (Geiger et al., 1981) . Superimposition analysis indicated that the localization of vinculin is coincident with that of plectin. This was confirmed by other stainings with anti-plectin ( Fig. 4M,P) and anti-talin (Fig. 4N) or anti-integrin >1 (Fig. 4Q ) all of which are also components of dense plaques (Yoshida et al., 1999) , again showing their colocalization.
In the smooth muscle cells, the distribution pattern of >2-chain laminin along the cell surface is reported to be different from that of >1-chain laminin (Caprioglio et al., 1995) . Furthermore, integrin =1>1heterodimer is suggested to be a >2-chain laminin receptor (Glukhova et al., 1993) . As expected double staining with anti-plectin (Fig. 5A ) and anti->2-chain laminin antibodies (Fig. 5B ) in transverse sections showed that both proteins were well colocalized in rat colon smooth muscle cells (Fig. 5C) . The double staining with anti-plectin (Fig. 5D ) and anti->1-chain laminin antibodies (Fig. 5E) showed that >1-chain laminin was stained continuously along the sarcolemma independent of discontinuously stained plectin (Fig. 5F) .
In order to correlate the plectin-stained domains in immunofluorescence to the dense plaques underlying the sarcolemma as revealed by electron microscopy, we developed a method of correlated confocal and electron microscopy. We first observed the cryostat sections immunostained for plectin with a confocal laser microspope and recorded optical serial-section images of whole section thickness. The same sections were then fixed with glutaraldehyde and osmium tetroxide for thin-section electron microscopy. A given thinsection image was compared with a gallery of confocal images at different depths to choose the best corresponding image (Fig. 6A,B) . Two kinds of images were merged on a computer (Fig. 6C) . Such superimposed images clearly demonstrated that the fluorescent dots or intermittent lines along the sarcolemma well corresponded to the domains with dense plaques, though the fluorescent areas were broader than the ultrastructural images of the dense plaques (Fig. 6D) . In contrast, the caveola-rich domains were located between plectin-stained dots showing no overlapping to each other. In thin-section electron microscopy of the same sample, the dense plaques showed a layered organization, with which intermediate filaments appeared to be closely associated (Fig. 7) . Interestingly, in this sample the dense plaques appeared to be denser and thicker as compared to those seen in the ordinary preparation. This feature may be explained by antibody binding to the dense plaques.
Discussion
The present confocal and electron microscopic study has demonstrated that, in rat colon smooth muscle cells, the sarcolemma possesses two distinct domains, the domains with dense plaques and those rich in caveola. These two domains were characterized by complementary immunofluorescence staining for plectin and caveolin-1, respectively (Fig. 8) . Plectin was colocalized with desmin, vinculin, talin, and integrin >1 along the sarcolemma, whereas caveolin-1 was colocalized with dystrophin (North et al., 1993) . The correlated confocal and electron microscopy has clearly shown that the sarcolemmal domain with dense plaques may correspond to the plectin-rich domain to which desmin intermediate filaments are anchored.
Although smooth muscle cells are rich in desmin intermediate filaments (Cooke and Chase, 1971; Somlyo et al., 1973; Small and Sobieszek, 1977) , no detailed observation has been made on the ultrastructural relationship between the sarcolemma and intermediate filaments. Smooth muscle cells possess many dense plaques along the sarcolemma. The dense plaques in smooth muscle cells show a layered organization similar to the undercoat structures in many other types of cells, thus are collectively referred to as the plasmalemmal undercoat (Ishikawa, 1988) . The dense plaques appear to provide the attachment sites for both actin and intermediate filaments in chick gizzard smooth muscle cells (Tsukita et al., 1983) . The present study demonstrated that plectin and desmin were colocalized at the domain with dense plaques, thus strongly suggesting that plectin may play a role in attachment of desmin intermediate filaments to the sarcolemma. Interestingly enough, the same domains localized vinculin and talin, typical submembranous actinbinding proteins, though plectin has no binding capacity to talin, vinculin, or integrin >1. These findings suggest that the plectin-rich domains or dense plaques may also serve as the attachment sites for actin filaments of myofibrils. The molecular architecture of the dense plaque and its division in labor for actin and intermediate filaments remain to be elucidated.
In skeletal muscle fibers, desmin intermediate filaments are distributed at the level of the Z-disc, thus suggesting that they may play a role in structural integrity, especially in alignment of adjacent myofibrils in lateral register (Lazarides, 1980; Ishikawa, 1983; Vigoreaux, 1994) . More recently, the role of plectin molecules in mechanical linkage between desmin intermediate filaments and the Z-discs has been unequivocally proved (Hijikata et al., 1999) . A similar situation was not applicable to the smooth muscle cells. Generally speaking, some additional functional significances for intermediate filaments were proposed; they may be involved in conveying mechanical information from the cell surface to the nucleus, in aligning T-tubules to the Z-discs, in anchoring cell organelles in the cytoplasm, forming a perinuclear network, and in directing specific mRNA to specific locations in cells (Lazarides, 1980; Skalli and Goldman 1991; Wang et al., 1993) . The exact functional significances of the intermediate filament system in smooth muscle are not known, though it associates with the dense plaques at the cell surface. Indeed, from the analysis of desmin knockout mice, desmin intermediate filaments seem to play a role in intercellular transmission of both active and passive force, though they are not required for force generation or maintenance of passive tension within cells.
In the present study, plectin was also colocalized with integrin >1 and >2-chain laminin but not completely with >1-chain laminin. Although smooth muscle cells are continuously covered with the basal lamina, its composition is heterogeneous in terms of laminin subtypes. Clearly >2-chain laminin was confined to the domains with dense plaques which probably serve as the attachment sites for actin and intermediate filaments, while >1-chain laminin forms the continuous basal lamina in smooth muscle cells. It is interesting to consider that >2-chain laminin may contribute specifically to the force transmission through a molecular linkage of plectin-integrin >1->2-chain laminin across the sarcolemma.
What are the possible functions of the caveola domains in smooth muscle cells? During smooth muscle contraction, the major burden of longitudinal force transmission is believed to fall onto the sarcolemma. The caveola domains may be impelled outwards to form the specific domains of dense plaques for force transmission (Gabella, 1984) . It has been reported, instead, that caveola domains may be involved in potocytosis, signal transduction and cholesterol transport through caveolin-1, Rho, nNOS, IP ! -receptor and so on (Parton, 1996; Anderson, 1998; Gingras et al., 1998; Fujimoto et al., 1998; Aoki et al., 1999) . In this connection, the colocalization of dystrophin is significant in terms of signal transduction as suggested for the dystrophin complex in skeletal muscle fibers (Yoshida et al., 2000) .
Plectin is expressed in a wide variety of cell types including smooth muscle cells. Interestingly, human EBS-MD patients do not show any apparent pathological alterations in their smooth muscles. The same situation exists in plectin knockout mice. The reason why the smooth muscles of the patients do not exhibit pathological alterations in contrast to the skeletal muscles is not known. One of the explanations for it may be proposed by the notion that the distribution pattern of plectin is different in different cell types. In smooth muscle cells, plectin is not closely associated with intermediate filaments in sharp contrast to that in skeletal muscle fibers. Further study is needed to better understand the functional significances of plectin and intermediate filaments in smooth muscle cells. 
